A Bacteriophage T4 Mutant Defective in Protection Against
Superinfecting Phage (Accepted 20 June I972)
When Escherichia coli is infected by bacteriophage T4 and after a few minutes superinfected by additional phage, the secondary phage genome is prevented from being expressed and from contributing genetic information to progeny phage. This phenomenon, known as superinfection inhibition, was first observed by Dulbecco (I952) . Further work was carried out by Graham 0953) and has been reviewed by Adams 0959) and Campbell (I967) . Several questions have arisen concerning the mechanism of this phenomenon. Is the DNA of the superinfecting phage broken down by the DNases present in the cell, and is this DNA degradation essential for the inhibition? Is there a barrier at the membrane level which prevents the superinfecting DNA from getting into the cell? Does superinfection inhibition depend on the expression of a function or functions by the primary phage which exclude the superinfecting phage? Graham 0953) using high streptomycin concentrations to inhibit nuclease action observed that superinfecting phage were nevertheless excluded. Hershey et al. (~954) used low Mg ~+ concentrations, a condition which lowers DNA degradation, and found that exclusion of superinfecting phage still took place. Fielding & Lunt 097o) found that while there was extensive degradation of superinfecting DNA in wild-type E. coli, little solubilization of this DNA occurred in endonuclease I-deficient strains. However, superinfecting phage were excluded from expression as efficiently in these strains as in wild-type E. coll. These results have further been confirmed by Anderson & Eigner (I97 Q. Therefore DNase induced breakdown by itself cannot account for superinfection inhibition.
Adams 0959) suggested that a membrane barrier inhibiting DNA injection interfered with superinfecting phage. Varga, Blackwood & Earhart (1970 found that only 60 ~ of the superinfecting DNA entered the cell while about 4o ~ of it remained in the phage coat. Anderson, Williamson & Eigner (I97 D using high resolution autoradiography found that whereas DNA from primary phage was found near the centre of the cell, the superinfecting DNA was associated with the cell membrane. These results indicate that the superinfecting DNA is inhibited from entering the cell. In order to distinguish whether the barrier depends on expression of the primary phage genome, or whether it arises merely from the physical interaction of the primary phage with the cell membrane, an attempt was made to detect a phage mutant unable to establish the barrier to superinfecting phage. Such a mutant has been found. Its properties indicate that superinfection inhibition depends on the expression by the primary phage of a gene concerned with an early function.
The following assay was developed to screen various amber mutants to find ones that fail to exclude superinfecting phage. E. coli s/6 is an su-strain restrictive for phage T4 amber mutants and was used for the primary and secondary infections. Primary infections were made with various amber mutant phage and secondary infections were carried out with wild-type phage. Growth of the wild-type phage was taken as a measure of the failm e of the primary phage to cause superinfection inhibition.
E. coli s[6 were grown to a concentration of I x io 9 cells/ml, and 0"5 ml mixed with o'25 ml of the primary amber phage at a concentration such that the multiplicity of infection was about 5 (giving a probability of infection of 99"4 ~). A 0"25 ml vol. of wild- 
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type phage was added 4 to 5 min after primary infection at a low multiplicity (0"5 to I.o). Phage adsorption was allowed to continue for another 8 rain and infective centres were then assayed by plating on the restrictive host, E. coli s/6. Unadsorbed primary phage were measured by taking samples from the adsorption mixture before the addition of the superinfecting phage, adding chloroform to kill infected bacteria, and plating the survivors on E. coli CR63 (the permissive host for amber mutants). The superinfecting phage that remained unadsorbed were measured by taking samples at the end of the adsorption period, adding chloroform, and plating for survivors on E. coli s/6, the restrictive host. It was found that adsorption of the primary and secondary phage in all experiments was about 95 to 99 ~ complete at 37 °C with the high cell densities used. As a control, a procedure identical to the above was followed except that the mutant and wild-type phage were added at the same time instead of 4 to 5 min apart and the unadsorbed phage and infective centres were measured at the end of the IO min adsorption period. The extent of superinfection inhibition of any mutant was measured as the ratio of infective centres formed in the delayed superinfection compared to the simultaneous infection.
The results in Table r show that an effective barrier was established within 4 to 5 min after infection and generally resulted in a low 0 to 14 ~o) survival of infective centres on E. coli s]6. The average survival was 7q ~.
It is apparent from this sampling of mutants in x I different early genes and gene 24 (a late gene) that exclusion occurs with all of the mutants except amE142, defective in gene 39-AmE142 failed to effectively exclude superinfecting secondary phage and 75 to 80 ~ of infective centres were recovered in three different experiments. The 2o other gene 39 mutants tested were normal in their ability to establish a barrier to superinfection.
In these experiments amE142 gave an average of 97"3 ~ adsorption. This implies that the inability of amE142 to prevent superinfection cannot be explained by assuming that it fails to adsorb normally. The wild-type superinfecting phage in experiments with amE142 also gave a good average adsorption of 95"7 ~. This implies that the barrier to successful superinfection is not at the level of adsorption.
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Short communications The effect of too #g/ml of chloramphenicol (CAM) was tested for its effect on the ability of three mutants to establish a barrier to superinfection (Table 2) . AmN65 is defective in a late function, and amE839 and amE142 in a gene 39 early function. CAM was added either 3 rain before or at the time of primary infection and diluted immediately after addition of the superinfecting wild-type phage. Under these conditions amN65 and amE839 allowed 2 to 3 fold more superinfected bacteria to develop into infective centres, than when CAM was added either 3 rain after first superinfecting phage or was not added at all. With amE142 superinfecting phage can apparently infect and develop equally well whether CAM is added or not. These results imply that a protein is involved in protection against superinfecting phage and that amE142 lacks this protein.
Subsequent to the characterization of amE142 as defective in superinfection inhibition by the above technique, further work in this laboratory by Vallee & Cornett 0972) showed that this strain also fails to develop immunity against superinfecting ghost particles. They have also shown that the unique behaviour of amE142 compared to the other gene 39 amber mutants is due to the fact that it is a double mutant containing an amber mutation in gene 39 preventing phage development on E. coli s/6 but having no effect on superinfection inhibition, and a second mutation imm-which is responsible for the defect in protection against ghosts and superinfecting phage. The imm-mutation has been located by J. Cornett (personal communication) between genes 42 and 43.
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